In the investigation of the optical and magnetic properties of 3d N ion impurities in semiconductors, the contribution of the covalence must be considered. A modified d function (d * ) and two covalent factors associated with the t 2 and e orbitals have been adopted for describing this covalence. We present the contribution of the covalent factors to the energy matrix of the d * 7 electron and d * 3 hole system. This suggests that the d N electron system cannot be explained with the d 10−N hole system when the covalence is considered. The calculation of the energy levels by the d * 7 energy matrix agrees with the experimental finding of ZnSe:Co 2+ . -PACS numbers: 71.70.Ch, 71.55.Gs
Introduction
Transition metal impurities in semiconductors have been the subject of many investigations, both experimental and theoretical. The optical and magnetic properties of cobalt ion impurities in II-VI and III-V semiconductor materials have been extensively studied [1 -8] . The classical crystal-field theory has been extensively and successfully applied to the optical and magnetic properties of ionic compounds. The crystalfield theory describes d electrons in full d shell. When N > 5, the d N electron system can be treated as a d 10−N hole system since the difference between the energy matrix elements of the t As the covalence in these semiconductors is strong, the classical crystal-field theory may be unsuitable to explain the optical and magnetic properties uniformly. There are quite a few works [2, 9 -12] where two covalent factors, N t and N e , are introduced to describe the covalence. Because a semiconductor has a stronger covalence than an ionic crystal, it is necessary to consider a mixed orbital instead of a pure d orbital in calculating the energy levels. This requires the use of linear combination of atomic orbitals (LCAO) with a modified d 0932-0784 / 06 / 0700-0357 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com function (d * ). Because the t 2g and e g orbitals do not have the same values, two covalent factors should be introduced. Thus the energy matrices of the d * N system differ from those of the pure d N system. In this paper we present the energy matrices of the modified d * 7 and d * 3 systems for strongly covalent host materials. It is shown that the energy levels of the d * 7 electron system are different from those of the d * 3 hole system when the difference between the t 2g and e g orbitals is taken into account. The energy matrix of the modified d * 7 systems is applied to calculate the energy levels of Co 2+ ions in a ZnSe semiconductor. The calculated energy levels agree with the experimental finding for Co 2+ in ZnSe:Co 2+ .
Energy Matrices

The Energy Matrix of the d * 3 System
In a cubic crystal-field, the one-electron orbit is split into two parts transforming as the t 2g and e g irreducible representation of the O h (or T d ) point group. The t 2g and e g wave functions may consist of mixed atomic functions. For covalent crystals we chose the modified d function (d*)
where γ = t 2g or e g is the irreducible representation of the cubic group, d and p are the central transition 
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metal d orbital and the valence electron orbital of the ligand ions, respectively. N γ are the normalization coefficients, λ t and λ e are the orbital mixing coefficients.
Since the electrostatic repulsion of two t 2g electrons is the same as that of two e g electrons for the pure d orbital, we define the two covalent factors N t and N e (or orbital deformation factors) as the ratio between the electrostatic repulsion of two d * electrons and two d electrons:
t N e = t 2 t 2 t 2 e / dd dd ,
In this process, only the one-electron matrix elements of the two central metal ions are retained such
So these matrix elements, for instance d γ d γ Ĥ p γ p γ and p γ p γ Ĥ p γ p γ , are neglected. Both effects of the change of the d orbital for the crystal and the contribution of the electrostatic repulsion of the ligand valence electrons are included in N t and N e . Using (2), the electrostatic repulsion, the crystal-field and the Tress correction term energy matrix of the d * 3 electron system in the strong-field scheme can be obtained as in Table 1 . From the table one can see that the Racah parameter A is important for calculating the electrons states when the covalence has been considered. This, however is neglected in the classical crystal-field theory. The contribution of the change of the crystal-field parameter Dq and the Tress correction term to the optical and magnetic properties is much smaller than that of the Racah parameters, so the differences from the change of Dq and the Tress term have been neglected as compared with the Racah parameters A, B and C. The relationship between the Racah parameters in the conventional crystal-field and those in the covalent crystalfield can be written as
where A 0 , B 0 , C 0 denote the Racah parameters of the free ions.
The Energy Matrix of the d * 7 System
In the t 2 and e electron shell, the t 6 2 and e 4 terms are closed-shell configurations. The t m 2 (m ≥ 3) configuration can be considered as the t 6−m 2 hole in the t 6 2 closed shell, the e n (n ≥ 2) configuration can be treated as an e 4−n hole configuration in the e 4 closed shell, since the same terms occur between t 6−m 2 and t m 2 configurations and the e 4−n and e n configurations. Then the t 6−m 2 e 4−n hole configuration can be considered as a complementary configuration of the t m 2 e n electron configuration in the t 6 2 e 4 closed shell and has the same terms as the t m 2 e n configuration [13, 14] . We can obtain the following terms in the d According to the work by Griffith [15] and Richardson and Jassen [16] 
where the electrostatic parameters a -j are defined approximately in the following form:
The cubic crystal field is usually expressed with the parameter Dq. For the t 2g and e g orbitals, the cubic crystal field can be described with the cubic crystal parameter Dq such that
The cubic crystal-fields for the t m 2 e n terms and their complementary terms t 
The cubic crystal energy for a d * N system and for a d * 10−N system can be added to the diagonal matrix elements. From (4) we noted that the difference between the t 6−m 2 e 4−n configuration of the d * 7 system and the t m 2 e n configuration of the d * 3 system is just same and got the difference as
Thus, adding these terms from (7) and (8) to the corresponding diagonal matrix elements of the d * 3 electron system, we can obtain the electrostatic repulsion and the crystal-field matrix of the d * 7 electron system in the strong-field scheme form.
It should be pointed out that in the cubic crystalfield, the energy difference between the 4 t 2 and 4 A 2 states is not the usual 10Dq, and this energy difference connects to covalent factors N t and N e , and the Racah parameters A 0 , B 0 and C 0 . In a d * 3 system, the energy difference can be written as
and in a d * 7 system, the energy difference is
Therefore, Dq cannot be obtained simply from the energy difference between the 4 T 2 and 4 A 2 states for both d * 3 and d * 7 systems. The difference can be obtained from experimental data of the optical spectra.
The Energy Levels of the d *7 Electron and d *3 Hole System
The Racah parameters A 0 , B 0 and C 0 of a Co 2+ ion have been determined experimentally [15, 17] as
A parameter ε is introduced to describe the difference between the covalent factors N t and N e , that is
for the d * N ion in a tetrahedral crystal-field [8] . As the covalence increases, the ratio of the two factors N t and N e decreases and the difference between them increases. Therefore, ε increases with increasing covalence. When the contribution from the covalence is ignored, putting the covalent parameter N t = N e , the energy level matrix can be reduced to the classical crystal-field result, and the energy levels can be calculated by a d 3 hole system instead of the d 7 electron system. The energy levels of Co 2+ can be calculated using the matrix of Table 1 for the d * 3 hole system as well as using the matrix for the d * 7 electron system as a function of ε and the covalent factor N e . The variations of energy levels for the Co 2+ ion versus ε for d * 7 electron and for the d * 3 hole systems are shown in Figs. 1  and 2 , respectively. (We have chosen only thirteen energy levels for clarity in these figures.)
It is worth noting that the values of the 4 T 2 , 4 T 1a and 4 T 1b levels for the d * 7 electron system decrease rapidly with the increase of ε in Fig. 2 , whereas they do not for the d * 3 hole system in Figure 1 . For large ε, 4 T 2 may turn into the ground state when Co 2+ is considered with a d * 7 electron system, whereas 4 T 2 will remain as its ground state when Co 2+ is explained with a d * 3 hole system. Since ε describes the difference between the t 2 and e orbitals, a larger ε means a stronger covalence and a larger difference between N t and N e . When ε = 0 (a pure d N system), the contribution of the Racah parameter A is zero and a d 7 electron system can be explained with a d * 3 hole system. As ε increases, the contribution from the Racah parameter also increases. When the same covalent factors are introduced in both the d * 7 electron and d * 3 hole system, the contribution of the electrostatic repulsion for the d * 7 system is larger than that for the d * 3 system. The calculated energy levels for the d * 7 electron system are different from those for the d * 3 hole system using the same covalent factors. The Co 2+ ion has a 3d 7 electron configuration. The absorption optical spectra of Co 2+ in ZnSe were measured and published in [3] and [4] . From the energy matrix and equations (4) ∼ (10) using α 0 = 80 cm −1 , N t = 0.8623, N e = 0.8780 and |Dq| = 612 cm −1 , we have calculated the energy level transitions of Co 2+ in ZnSe by using the d * 7 electron system and the d * 3 hole system energy matrix, respectively. The results of the calculation are listed in Table 2 . It is obvious that the results calculated by using the d * 7 electron system, but not by using the d * 3 hole system, agree well with the experimental data.
Using the mean-field and multiple corrections method, Fazzio et al. [2] have studied three lines in the region 19059 ∼ 20785 cm −1 and obtained three doublets, 2 T 1c , 2 E c , 2 T 2c , in this region. Our calculation shows that the three doublet lines should be 2 T 1c , 2 T 1d , 2 T 2c in this region, the results are in good agreement with the experimental data. For the tetrahedral field such as ZnSe N e is lager than N t [8] since the covalence of the t 2g orbital is stronger than that of the e g orbital. The different between the t 2g and e g orbitals induce that energy level of the Co 2+ ion should be calculated with the d * 7 electron system instead of the d * 3 hole system. That is to say the values of the covalent factors may affect the calculated result greatly when the covalence is considered in the investigation of the optical and magnetic properties, especially in the calculation of the spin-Hamiltonian parameters [10, 11] . This suggests that the d * 7 electron system should be used to investigate the optical and magnetic properties of the semiconductor containing Co 2+ ion, but the d * 3 hole system should not.
Conclusion
For a pure d N electron system, the Racah electrostatic parameter A does not contribute to the energy levels, since the contribution is identically equal for all the energy terms. However, the contribution of covalence must be considered for the optical and magnetic properties in a strong covalence compound. If the model of distinguishing of the radial parts of the t and e orbitals of the d electrons has been adopted, one should calculate the energy levels by using a d * N electron system instead of a pure d N electron system or the d 10−N hole system.
The energy matrix of the d * 7 and d * 3 system has been obtained and the energy levels of Co 2+ for the d * 7 electron system and d * 3 hole system have been calculated. The results show that the variation of the energy levels with the covalence of the d * 7 electron system is much larger than that for the d * 3 hole system and could affect an investigation of the optical and magnetic properties for a semiconductor containing Co 2+ .
